Conventional myosin is representative of biomolecular motors in which the hydrolysis of adenosine triphosphate (ATP) is coupled to large-scale structural transitions both in and remote from the active site. The mechanism that underlies such "mechanochemical coupling," especially the causal relationship between hydrolysis and allosteric structural changes, has remained elusive despite extensive experimental and computational analyses. In this study, using combined quantum mechanical and molecular mechanical simulations and different conformations of the myosin motor domain, we provide evidence to support that regulation of ATP hydrolysis activity is not limited to residues in the immediate environment of the phosphate. Specifically, we illustrate that efficient hydrolysis of ATP depends not only on the proper orientation of the lytic water but also on the structural stability of several nearby residues, especially the Arg238-Glu459 salt bridge (the numbering of residues follows myosin II in Dictyostelium discoideum) and the water molecule that spans this salt bridge and the lytic water. More importantly, by comparing the hydrolysis activities in two motor conformations with very similar active-site (i.e., Switches I and II) configurations, which distinguished this work from our previous study, the results clearly indicate that the ability of these residues to perform crucial electrostatic stabilization relies on the configuration of residues in the nearby N-terminus of the relay helix and the "wedge loop." Without the structural support from those motifs, residues in a closed active site in the post-rigor motor domain undergo subtle structural variations that lead to consistently higher calculated ATP hydrolysis barriers than in the pre-powerstroke state. In other words, starting from the post-rigor state, turning on the ATPase activity requires not only displacement of Switch II to close the active site but also structural transitions in the N-terminus of the relay helix and the "wedge loop," which have been proposed previously to be ultimately coupled to the rotation of the converter subdomain 40 Å away.
Introduction
A tight coupling between chemistry and conformation is observed in many biological systems. 1 Such "mechanochemical coupling" is most notable in biomolecular motors, 2 where nucleotide hydrolysis activity needs to be regulated to avoid futile chemistry. 3 Therefore, revealing the mechanistic basis for how nucleotide hydrolysis is controlled by the conformational properties of biomolecular motors is a key step towards understanding how these "nanomachines" achieve their high energy transduction efficiency. 4 In particular, in some motor systems, hydrolysis (rather than binding) of the nucleotide is believed to be coupled to not only local changes but also large-scale conformational transitions of remote domain(s). For example, fluorescence resonance energy transfer studies of Shih et al. found that the motor domain of conventional myosin adopts a single conformation with nonhydrolyzable adenosine triphosphate (ATP) analogue and that large-scale lever rotation is observed when ATP is used as the ligand. 5 Bulk fluorescence experiments 6 also suggest that structural changes near the interface between the converter and the relay helix precede the hydrolysis of ATP. In previous structural 7 and molecular simulation studies, [8] [9] [10] [11] [12] we and others have shown that conformational transitions in the converter subdomain are coupled to changes (40 Å away) in the position and flexibility of active-site amino acids and water molecules. However, the precise identity of the structural changes that directly control the ATP hydrolysis activity and the mechanism through which these structural changes are coupled to the striking converter (and lever arm) rotation remain elusive.
In this study, using combined quantum mechanical and molecular mechanical (QM/MM) simulations, [13] [14] [15] we explicitly show that efficient ATP hydrolysis in myosin relies on the structural stability of the active site, especially that of a key salt bridge between the Switch I (SwI) and Switch II (SwII) motifs and a water molecule between this salt bridge and the lytic water. Although the role of these motifs on ATP hydrolysis has been discussed in previous studies, [16] [17] [18] the unique contribution of this study illustrates that formation of a hydrolysis-competent active site starting from the post-rigor state requires not only the displacement of SwII but also extensive rearrangements in the nearby structural motifs, which are known to ultimately couple to the rotation of the converter. [7] [8] [9] [10] [11] As a result, structural transitions remote from the active site can play a very active role in regulating the hydrolysis of ATP, rather than merely responding to structural changes in the active site in a passive fashion. This scenario of coupling sensitively regulated chemical reactivity to cascades of conformational transitions may contribute to mechanochemical coupling in many motor systems.
Results

ATP hydrolysis in myosin
As described extensively in the literature, 17 the hydrolysis of ATP in myosin occurs in kinetic states where the motor domain is detached from the actin. High-resolution X-ray structures 16, 19, 20 are available for two detached states ( Fig. 1 ) commonly referred to as post-rigor state and pre-powerstroke state, respectively, among which only the latter is believed to be capable of hydrolyzing ATP (see below). The converter subdomain at the C-terminus undergoes a striking 60°rotation in going from the post-rigor state to the pre-powerstroke state ( Fig. 1b and d) , and SwII that forms part of the ATP binding site displaces to close the active site during the same transition. As shown by the comparison in Fig. 1a and c, closure of the active site is indicted by the formation of hydrogen-bonding interactions between SwI and SwII residues (e.g., between Arg238 and Glu459 side chains; the numbering of residues follows myosin II in Dictyostelium discoideum), as well as between the Ploop and SwII (e.g., between Ser181 and Phe458 main-chain atoms); it is worth noting that many interactions between SwII and the N-terminus of the relay helix (e.g., Glu459-Gln468, Glu459-Asn472, and Ser456-Asn475) are maintained in both sets of X-ray structures ( Fig. 1a and c) . Despite more than 40 Å in separation, the converter rotation and active-site closure are believed to be tightly coupled through a set of conformational changes that implicate intervening structural motifs such as the relay helix, the relay loop, and the "wedge" loop. 9, 21 Since the water molecule near the γ phosphate in the post-rigor X-ray structure was found far from an ideal "in-line attack" configuration, 20 it is generally believed that only the pre-powerstroke state with a closed active site is capable of efficiently hydrolyzing ATP, 7 which has also been supported by our recent QM/MM studies 8 using the two X-ray structures. The key remaining question is whether closure of SwII by itself, which has been shown to be a lowbarrier process in the post-rigor state in our recent molecular dynamics (MD) simulations, 10 is sufficient for turning on ATP hydrolysis, or there are structural features beyond SwII displacement that are also vital to the efficient hydrolysis of ATP. Recent fluorescent experiments 6, 22 found that conformational transitions at the interface between the converter subdomain and the relay helix precede ATP hydrolysis and, therefore, seemed to support the latter scenario, although the underlying detail is not known.
ATP hydrolysis in the pre-powerstroke state
The hydrolysis mechanism of ATP/guanosine triphosphate has been discussed extensively in the past. 23, 24 In the enzyme environment, it is generally believed that an associative mechanism 25, 26 is operational, although the involvement of a dissociative pathway has not been completely ruled out. 27 In this study, we focus on the associative pathway (also see discussions below) and on variation in the energetics of this pathway with different conformations of the myosin motor domain. As shown in Fig. 2a , the Ser236 side chain serves as a "relay group" for the proton transfer from the lytic water to the γ phosphate during the initial step of the hydrolysis; involvement of a proton relay process is generally thought as necessary based on stereochemical considerations 28, 29 (however, see discussions below in Materials and Methods). A subsequent rotation of a hydroxyl group in the "pentavalent" intermediate helps completely break the covalent interaction between the ADP moiety and the inorganic phosphate, leading to the final hydrolysis product.
As shown by the two-dimensional potential of mean force (PMF) in Fig. 2b , the first step of the reaction has a barrier of about 16 kcal/mol; the intermediate is 12 kcal/mol higher than the reactant state, and the P-O bond between the γ and β phosphate groups is largely broken (the P γ -O 3β distance is 2.60 Å; see Supporting Information). In fact, the P γ -O 3β bond is already significantly weakened in the transition state (see Fig. 2c ). Therefore, the actual mechanism has partial dissociative character. For the second step of the reaction, the two-dimensional PMF (Fig. 2d) indicates a very small barrier from the intermediate, followed by an energetically downhill proton transfer from the γ phosphate to O 3β in ADP. The free-energy profile along the P γ -O 3β distance is rather flat, which is consistent with the observation that the covalent interaction is already broken in the intermediate. Summing the energetics from the two PMFs, the ATP hydrolysis in the pre-powerstroke state is calculated to be nearly thermoneutral, and the rate-limiting barrier is 16 kcal/mol. These are consistent with experimentally measured equilibrium constants and rate constants, 6, 30 and this is the first time that the experimental data are computationally reproduced for ATP hydrolysis in myosin. Such close agreements indicate that the SCC-DFTBPR/MM approach (see Materials and Methods for additional discussions) is at least semiquantitatively reliable for the current purpose.
For the first step of the hydrolysis, which is shown by the PMF results to be rate-limiting, an ensemble of minimum energy path (MEP) calculations starting from snapshots collected from equilibrium MD simulations for the pre-powerstroke structure are also carried out. These results at the SCC-DFTBPR/MM level are consistent with those from previous QM/ MM simulations 8, 31 using the minimized X-ray structure 16 and different QM levels. The variation among the MEP ensemble results is fairly small, with a standard deviation of merely 1.8 kcal/mol, suggesting that the active site in the pre-powerstroke state does not have significant structural fluctuations, as also indicated by our previous analysis for the active-site open/close transition. 10 Interestingly, the average barrier from the MEP calculations is 31.3 kcal/mol, which is substantially higher than the experimental value of 15-17 kcal/mol 6, 30 and the PMF result. Superposition of the transition state structures from the PMF simulations and MEP calculations (Fig. 2c) indicates that the key residues, including water molecules in the active site, have very similar positions, except for the orientation of Ser181 side chain and the water that hydrogenbonds to it (Wat3 in Fig. 2c) . Evidently, as proton transfer from the lytic water to O 3β proceeds, it is 20 and 1VOM, 16 respectively) of the myosin motor domain. In (b) and (d), the key structural motifs of the active site (SwI, SwII, and P-loop) and those exhibiting major differences between the two states (relay helix, relay loop, wedge loop, and SH1/SH2 helices) are shown. In (a) and (c), key hydrogen-bonding interactions in the active-site region are shown explicitly; the arrows in (a) indicate interactions that are essential to the post-rigor → pre-powerstroke transition. Active-site water molecules are not included for clarity. Unless explicitly stated, the active site is "open" for the post-rigor state and "closed" for the pre-powerstroke state.
energetically more favorable for Ser181 to break hydrogen bonding to O 3β and to seek alternative interactions with nearby groups. Since such an isomerization also involves changing the orientation of Wat3, the process is difficult to sample in local MEP calculations but is readily accessible in PMF calculations; the scenario is similar to our recent analysis of long-range proton transfer reactions using MEP and PMF calculations. 32 Perturbation analysis of the MEP results (see Supporting Information) indicates that removing the hydrogen-bonding interaction between Ser181 and ATP lowers the barrier by ∼8 kcal/mol, which is a significant portion of the difference between MEP and PMF barriers. Nevertheless, similarity in the average positions of most key active-site residues suggests that the MEP calculations, if compared carefully, are appropriate for analyzing how the hydrolysis energetics depends on the conformational state of the motor domain.
ATP hydrolysis in a closed post-rigor state
As discussed in both experimental literature 7, 17, 18 and simulation studies, 8, 31 there is a consensus that the post-rigor state, which has an open active site in the crystal structure, 20 is unable to catalyze ATP hydrolysis. The precise reason behind this, however, remains debatable and likely involves both water structure 16, 28 and electrostatics contributions 8, 24 (Yang et al., in preparation). Here we focus on the issue of whether locally closing the active site in the post-rigor state is sufficient for turning on efficient ATP hydrolysis. For this purpose, we generate a closed post-rigor configuration by displacing only SwII in the post-rigor X-ray structure (see Materials and Methods); it is meaningful to displace SwII itself because our previous simulations have shown that the open/close transition of SwII in the post-rigor state is a low-barrier and nearly thermoneutral process. 10 This structure is carefully equilibrated with extensive MD simulations, and a large set of QM/ MM MEP calculations is then carried out for the first step of the hydrolysis reaction starting from snapshots sampled in the MD trajectories. MEP calculations, instead of PMF calculations, are employed here because it is easier to correlate the structural features of the active site and the energetics of the hydrolysis in the MEP framework. Remarkably, unlike the small variations in the MEP barrier found for configurations sampled in the prepowerstroke state, the MEP barrier fluctuates significantly (ranging from 32.0 to 53.0 kcal/mol, with a standard deviation of 4.4 kcal/mol) and is almost always substantially higher in the closed post-rigor state (Fig. 3a) . This is rather unexpected given that the active site remains essentially closed during the simulations of both states (see Supporting Information). To understand the differences in the barriers, we examine the properties of both the lytic water and the other active-site residues/water molecules.
As shown in Fig. 3b , the distributions of distance between the lytic water and γ phosphate are very similar in both states throughout the nanosecond scale simulations. There is notable difference between the distributions of the "nucleophilic attack" (Fig. 3c) ; for the pre-powerstroke state, the distribution peaks at around 165°, while it is ∼150°for the closed post-rigor state. Since the average nucleophilic attack angle in the transition state is ∼ 169°according to both MEP and PMF calculations (see Supporting Information), the freeenergy penalty associated with properly aligning the lytic water with the closed post-rigor state (i.e., the difference in the angular PMF between 150°and 169°i n the closed post-rigor state; see Fig. 3c ) is on the order of 2-3 kcal/mol. Although this is not a small contribution in kinetic terms (corresponds to a 30-to 150-fold change in the rate constant at 300 K according to transition state theory), it is clear that the nucleophilic attack angle is not as dominating a factor as commonly suggested 16, 28 for dictating the hydrolysis activity.
With further analysis of the properties of other active-site residues and their electrostatic contributions to the hydrolysis barrier (see Supporting Information), it is found that the water molecule (labeled as Wat2 in Figs. 2 and 4) hydrogen-bonded to the lytic water plays an important role. Importantly, the contribution from Wat2 to the hydrolysis barrier is observed to be influenced by the configuration of other residues in the active site, especially the Arg238-Glu459 salt bridge. 18 In the pre-powerstroke state and early segment (b150 ps) of the closed post-rigor state MD simulations, this critical salt bridge is wellmaintained, and Wat2 is stabilized by a stable hydrogen-bonding network involving the lytic water, Glu459, and carbonyl of Gly457 or another water molecule. As a result, Wat2 maintains interaction with the lytic water throughout the nucleophilic attack, which is consistent with the finding of perturbation analysis (see Fig. S3a in Supporting Information) that the electrostatic contribution from Wat2 to the hydrolysis barrier is rather modest (∼3 kcal/mol).
As the simulation for the closed post-rigor state proceeds further, however, it is apparent that SwII is substantially more flexible than that in the prepowerstroke state; this difference in flexibility has a direct impact on the hydrolysis barrier and on contribution from Wat2 to the barrier. For example, during 150-800 ps of the simulation (green dots in Fig. 3a ), Glu459 rotates out of the salt-bridge plane. As a result, Wat2 is tightly associated with the side chain of Glu459 and forms a hydrogen-bonding interaction with the lytic water in the reactant state, but not in the transition state of hydrolysis (compare to the hydrolysis barrier, which is consistent with the higher hydrolysis barriers for configurations collected from this part of the trajectory. Similarly, in the last segment (1800-2250 ps) of the simulation, the salt bridge is further weakened, and the active site becomes better solvated (see variations in the activesite water distribution shown in Fig. 4c ). Once again, Wat2 forms a hydrogen bond with the lytic water only in the reactant state, but not in the transition state, because Wat2 is well stabilized by other water molecules that have diffused into the active site; as a result, the hydrolysis barrier is high. Interestingly, in the middle (800-1800 ps) of the trajectory, Wat2 is observed to diffuse out of the active site (see Fig. 4c ) and, therefore, does not form a hydrogen bond with the lytic water in either the reactant or the transition state; still, the hydrolysis barriers (red dots in Fig. 3a) for configurations collected from this segment of the trajectory are higher than those sampled in the prepowerstroke state by a few kilocalories per mole.
To further understand the higher flexibility of SwII in the closed post-rigor state than in the pre-powerstroke state, we analyze the active-site configurations from different sets of simulations. Comparing Fig. 4d with Fig. 1a -c, we note that displacing SwII alone to close the active site in the post-rigor state leaves many crucial interactions unformed or even breaks existing interactions (see Supporting Information). For example, although Gly457 forms a stable hydrogen-bonding interaction with the γ phosphate of ATP upon SwII displacement, the interaction between Ser456 main chain and Asn475 in the relay helix is broken; the interaction between Gly457 and γ phosphate also becomes weaker in the later segment of the simulations. Similarly, although Glu459 forms a . 1a and c) . The arrows indicate interactions that are broken when SwII is displaced to close the active site in the post-rigor state (i.e., rearrangements in the N-terminus of the relay helix and wedge loop are required to form the stable active site as in the pre-powerstroke state) (Fig. 1c) .
salt-bridge interaction with Arg238 when SwII is displaced, the interactions between the main chain of Glu459 and Asn472 in the relay helix are lost; instead, the carbonyl of Glu459 forms a hydrogen bond with the side chain of Gln468. As a result, the extensive hydrogen-bonding network that involves Arg238, Glu459, Glu264, and Gln468 observed in the prepowerstroke state (Fig. 1c) is not present in the closed post-rigor state (Fig. 4d) , which explains the higher rotational flexibility of the Glu459 side chain in the latter structure. Finally, since Tyr573 in the "wedge loop" remains far from SwII in the closed post-rigor state, there is ample space for Phe458 in SwII to sample multiple rotameric states, and its main-chain interaction with Ser181 remains unformed, in contrast to the situation in the pre-powerstroke state. Evidently, the emerging picture is that the transition from the post-rigor state to a structurally stable closed active site (which apparently is critical to efficient ATP hydrolysis) relies not only on the displacement of SwII but also on more extensive structural rearrangements in the nearby region, such as the N-terminus of the relay helix and the "wedge loop"; changes in these latter motifs have been shown previously 7, 9, 11 to be ultimately coupled to the rotation of the remote converter subdomain.
Discussion and Conclusion
The tight coupling between ATPase activity and large-scale conformational transition of remote domain(s) is the hallmark feature of many biomolecular motors 2 and is crucial for their high thermodynamic efficiency. 3 While the process of large-scale structural transition induced by ATP binding has been visualized and discussed in several systems, 4,33,34 the underlying mechanism for the allosteric coordination of ATP hydrolysis and large-scale conformational rearrangements remains elusive; indeed, the stereochemical difference between ATP and ADP P i is much more subtle than that brought about by the binding of the highly charged Mg 2 + ATP. It is common to assume that hydrolysis is strictly controlled by the immediate environment and that the largescale structural changes are the consequence of the local structural changes associated with the hydrolysis process (i.e., the hydrolysis product preferentially stabilizes a specific conformation of the active site, which in turn propagates into major structural changes in remote regions). 9, 10 Combined with results from previous structural 7 and classical molecular simulations, [8] [9] [10] [11] QM/MM simulations in this study demonstrate that turning on the ATP hydrolysis activity in myosin requires rather extensive conformational rearrangements beyond the immediate environment of ATP. Specifically, we illustrate that efficient ATP hydrolysis relies directly on the proper positioning of not only the first coordination sphere of the γ phosphate, such as the commonly discussed lytic water, 28 but also the second coordination sphere motifs, especially the Arg238-Glu459 salt bridge between SwI/II and the water molecule that spans this salt bridge and the lytic water. In fact, the second-sphere electrostatic stabilization is found to be more significant than aligning the lytic water into the in-line attack orientation. 28 Importantly, we demonstrate that the ability of these second coordination sphere residues to perform crucial electrostatic stabilization relies on the configuration of residues in the nearby N-terminus of the relay helix and the "wedge loop." Without the structural support from those motifs, residues in a closed active site in the post-rigor motor domain undergo subtle structural variations that lead to consistently higher calculated ATP hydrolysis barriers than in the prepowerstroke state. In other words, starting from the post-rigor state, turning on the ATPase activity requires not only displacement of SwII to close the active site but also structural transitions in the Nterminus of the relay helix and the "wedge loop," which have been proposed previously to be ultimately coupled to the rotation of the converter subdomain 40 Å away. 7, 9, 11 It is important to emphasize that the current findings do not suggest that all the conformational cascades linking the active site and the converter subdomain discussed in earlier structurally motivated studies 7,9,11 are required to turn on efficient ATP hydrolysis. Indeed, the fact that ATPase activity in many decoupling mutants 35, 36 is very close to being normal indicates that the lack of converter/lever arm rotation does not significantly impair ATP hydrolysis. Therefore, a more likely scenario for the recovery stroke in myosin consists of two phases. 9, 11, 12 In the first phase, structural transitions near the Nterminus of the relay helix are coupled to the SwII displacement to establish a stable active site and to turn on the ATP hydrolysis; this is consistent with the finding from bulk fluorescent study 6, 22 that conformational transitions propagated to the interface between the converter subdomain and the relay helix precede ATP hydrolysis. In the second "relaxation phase," the rest of the conformational cascades propagate into the rotations of the converter and the lever arm; the "relaxation" is expected to occur only with the active site stabilized to the closed conformation by the hydrolysis products, 10 which is compatible with the fluorescence resonance energy transfer observation that lever arm rotation occurs only following ATP hydrolysis. 5 This two-phase description is reminiscent of coupled tertiary and quaternary structural changes for oxygen-bindinginduced allostery in hemoglobin, where it has been shown that tertiary structural changes induced by oxygen binding precede quaternary structural changes. 37, 38 For myosin, it remains difficult to precisely determine the microscopic details for the two phases (e.g., a structural model for the kinetically significant intermediate immediately prior to ATP hydrolysis 6, 22 ), although sensible models exist based on computational studies. 9, 11, 12 From a functional perspective, an important feature of molecular motors is that futile ATP hydrolysis is minimized to maintain a high thermodynamic efficiency. In the case of myosin, the simplest explanation that has been well received in the literature 17 is that the SwII configuration is tightly coupled to the orientation of the converter. Since SwII closure is accepted to be a requirement for efficient ATP hydrolysis, a tight structural coupling between SwII and converter seems sufficient for avoiding futile ATP hydrolysis (i.e., hydrolysis of ATP without converter rotation). The finding of our current study that ATP hydrolysis is sensitive to more extensive structural changes reveals another layer of subtlety to mechanochemical coupling and adds to the mechanism that nature uses to avoid futile hydrolysis in myosin and possibly other molecular motors. In particular, the QM/MM analysis here further suggests that highly conserved residues near the N-terminus of the relay helix (e.g., Gln468, Asn472, and Tyr573) play a role not only in relaying structural changes from the active site to the converter 7,9,11 but also in stabilizing the proper configuration of the active site for efficient ATP hydrolysis. This result can be tested experimentally by mutagenesis studies. We predict that mutation of these residues into nonpolar amino acids such as alanine will hamper the formation of a closed configuration of the active site that is hydrolysis-competent, akin to the closed post-rigor state generated in silico in this study. Therefore, in contrast to the decoupling mutants discussed in the literature, 35, 36 which involve mutations further down the relay helix, mutations of residues near the Nterminus of the relay helix (e.g., Gln468, Asn472, and Tyr573) should not only abolish motility but also significantly impair the ATPase activity. In this context, we note that, in published studies, 39, 40 mutation efforts that aim to identify residues essential to ATP hydrolysis have been limited to SwI/SwII motifs.
In a broader context, there is increasing interest in dissecting the role of slow (microseconds to milliseconds) motions in enzyme catalysis. [41] [42] [43] For example, single molecule measurements 44 explicitly illustrated the presence of dynamic disorder in enzyme catalysis. However, the structural details behind the dynamic disorder are rarely clear, and the magnitude of catalytic rate fluctuation is often small (∼10). Similarly, a recent discussion 45 recommends the concept of catalytic network in enzymes with multiple conformations that occur serially and in parallel to the mechanism, while the practical challenge is to figure out the most relevant conformational degrees of freedom that have the most significant impact on the chemical event in the specific system under study. In this regard, molecular motors provide a remarkable opportunity for probing the role of slow structural transitions on catalysis because the effect is likely significant considering the functional importance of tightly regulating the timing of the chemical step in these systems. However, insight regarding the causality among events of different scales and physicochemical natures (e.g., hydrolysis versus structural transitions in the active site and distant regions) is difficult to come by with either experimental studies alone or standard computational techniques that probe either only structural changes [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] or chemical activity in a single X-ray structure. In this study, the identity of the structural changes that have a direct impact on the ATP hydrolysis activity and the mechanism through which these structural changes are coupled to other conformational rearrangements remote from the active site are analyzed for myosin as a representative molecular motor. The key missing link between structural properties of the motor and ATP hydrolysis activity is provided by extensive QM/MM calculations with carefully selected configurations of the system. The use of motor domains with very similar active-site configurations, but different overall structures, makes it possible to directly probe the importance of distant structural changes on the ATPase activity, which was not possible with our previous study that utilized two original X-ray structures that differ also in the active site. 8 Therefore, this study highlights the unique value of computations that simultaneously probe structural changes and chemical activity, 43 which is useful for revealing detailed mechanisms for other interesting issues in biomolecular motors, such as the coordination between different ATPase sites in kinesin and myosin V.
Materials and Methods
Classical MD simulations
Equilibrium simulations of the active site with a stochastic boundary condition and explicit solvent are carried out using the CHARMM program (version c32a2). 46 Three systems are simulated: post-rigor with ATP bound (denoted as the 1FMW simulation), pre-powerstroke with ATP bound (denoted as the 1VOM simulation), and post-rigor with ATP bound in a closed active-site pocket [denoted as the 1FMW (closed) simulation; see below]. As the starting coordinates for the 1FMW and 1VOM simulations, the X-ray structures solved by Bauer et al. for the D. discoideum myosin II motor domain are used; the converter subdomain is in the down orientation, and the active site is open in 1FMW 20 (resolution, 2.15 Å), while the converter is up and the active site is closed in 1VOM 16 (resolution, 1.90 Å). The missing residues (residues 1, 203-208, 500-508, and 622-626 in 1FMW; residues 1, 205-208, 711, 716-719, and 724-730 in 1VOM) are modeled using the program ModLoop. 47, 48 The protein atoms and Mg 2 + -ATP in the active site are described with the all-atom CHARMM force field for proteins, 49 and the water molecules are described with the TIP3P model. 50 Hydrogen atoms are added with HBUILD. 51 In all cases, the system is partitioned into a 32-Å inner region centered at the geometric center of ATP, P-loop, SwI, and SwII (∼12,800 atoms), with the remaining portion of the system in the outer region. Newtonian equations-of-motion are solved for the MD region (within 28 Å), and Langevin equations-ofmotion are solved for the buffer region (28-32 Å) with a temperature bath of 300 K. 52 All the water molecules in the inner region are subject to a weak GEO type of restraining potential to keep them inside the inner sphere with the MMFP module of CHARMM. The GEO restraining potential is in the form of a quartic polynomial on each oxygen atom in water: kΔ 2 (Δ 2 − V P ), with Δ = r − r off , where k is the restraining quartic force constant [0.5 kcal/(mol Å 4 )], r is the distance of oxygen from the center of the simulation sphere, r off is the cutoff distance (32.0 − 1.5= 30.5 Å) below which the GEO restraint is set to zero, and V P is an offset value taken to be 2.25. These parameters lead to a restraining potential on water that smoothly turns on at 30.5 Å, reaches a well at 31.5 Å with a depth of −0.625 kcal/mol, and then quickly rises to be repulsive beyond 32.0 Å. All protein atoms in the buffer region are harmonically restrained, with force constants determined directly from the B-factors in the Protein Data Bank file. 52 Langevin atoms are updated heuristically during the simulation to consistently treat protein groups and water molecules that may switch regions during the simulation. All bonds involving hydrogen are constrained using the SHAKE algorithm, 53 with a relative geometric tolerance of 10
, and the time step is set to 1 fs. Nonbonded interactions within the inner sphere are treated with an extended electrostatics model, in which groups beyond 12 Å interact as multipoles. 54 The entire system is heated gradually to 300 K and equilibrated for ∼160 ps prior to the production simulations. To account for the electrostatics between the inner-region and the outerregion atoms and the effect of solvation, the generalized solvent boundary potential (GSBP) approach developed by Beglov and Roux and Im et al. is used. 55, 56 In GSBP, the contribution from distant protein charges (screened by the bulk solvent) in the outer region ΔW elec (io) is represented in terms of the corresponding electrostatic potential in the inner region ϕ s (io) :
where q α is the partial charge on atom α. The dielectric effect on the interactions among inner-region atoms is represented through a reaction field term:
where Q m/n is the generalized multipole moment and M mn is the element of the reaction field matrix M. The static field due to the outer-region atoms ϕ s (io) is evaluated with the linear Poisson-Boltzmann equation using a focusing scheme that places a 70-Å cube of fine grid (0.4 Å) into a larger 120-Å cube of coarse grid (1.2 Å). The reaction field matrix M is evaluated using 400 spherical harmonics. In the Poisson-Boltzmann calculations, the protein dielectric constant of ε p = 1, the water dielectric constant of ε w = 80, and 0.0 M salt concentration are used. The optimized radii of Nina et al. based on experimental solvation energies of small molecules, as well as the calculated interaction energy with explicit water molecules, are adopted to define the solventsolute dielectric boundary. 57, 58 The 1FWM (closed) simulation is for a conformation in which SwII is displaced to form a closed active site in the postrigor structure, and it is prepared with the following procedure. The starting structure for equilibration is taken from the our previous umbrella sampling simulation 10 for the active site of 1FMW; specifically, the last snapshot in the window with a ΔRMSD = 2.0 Å is used. The ΔRMSD is measured for SwI and SwII, with reference to the X-ray structures of 1FMW and 1VOM (i.e., RMSD 1FMW SwI/II − RMSD 1VOM SwI/II ), and a value of 2.0 Å corresponds to an active site (in terms of SwI and SwII coordinates) that is very close to that in the 1VOM X-ray structure (see discussions below). To equilibrate this structure, MD simulations are performed for about 300 ps; to prevent any residual effects from the ΔRMSD constraint in the previous umbrella sampling simulations, two restraining potentials are applied. The first is a nuclear-Overhauser-enhancement-type restraint on the Arg238-Glu459 salt bridge, with a force constant of 10 kcal/mol/Å 2 and an upper bound of 2.0 Å between HH21/HH12 of Arg238 and OE2/OE1 of Glu459. The second one is a harmonic restraint between O 3 − of ATP and HN of Gly457, with a force constant 10 kcal/mol/Å 2 and a reference minimum at 1.8 Å. In production runs, no constraint is applied to the active-site residues. All three [1FMW, 1VOM, and 1FMW (closed)] simulations have been carried out for at least 2 ns. For the 1VOM state, substantially longer (12 ns) simulations have also been carried out with a smaller (20 Å) inner region for comparison; the results for key properties of interest are essentially the same and, therefore, are not included.
Reaction path and PMF with combined QM/MM simulations QM/MM partitioning and QM level (self consistent charge density functional tight binding for phosphate reaction)
Reaction energetics are studied based on the combined QM/MM potential energy surface. 13, 15, 59 The QM region includes 48 atoms at the self-consistent charge density functional tight binding (SCC-DFTB) level 60, 61 with augmented third-order expansion 62 and newly developed parameters for phosphate hydrolysis reactions (see below). The QM region includes the triphosphate and part of the ribose group of ATP, the catalytic water, and the Mg 2 + and all its ligands (side chains of Thr186, Ser237, and two water molecules), as well as the side chain of the conserved Ser236. Four link atoms are introduced to saturate the valence of the QM boundary atoms at the QM/MM interface, which interact with all MM atoms through electrostatic interactions, except with the link host (four C α atoms here); no van der Waals interaction is considered for the link atoms. This simple link atom treatment has been shown to be appropriate when the charges around the link atom are small, 63, 64 which is the case here. Indeed, the partial charges on the link atoms are always small; the values for link atoms on the amino acid side chains are typically below 0.02, while the partial charge for the link atom associated with ATP is slightly larger, in the range of 0.07-0.08. Therefore, there is no indication that the QM region is artificially polarized by the link atom scheme adopted here. Although a larger QM region including key residues such as Arg238 and Glu459 can also be used, we made the current choice so that the contributions from active-site residues to the hydrolysis energetics can be analyzed using perturbation analysis 65 in a consistent manner. All MM atoms are described with the CHARMM 22 force field. 49 The SCC-DFTB approach is an approximate density functional method 60 and has been successfully applied to various biological problems. 66, 67 Its reasonable balance between computational speed and accuracy makes it possible to carry out the large number of reaction path (MEP) and PMF calculations that distinguish the current work from previous QM/MM studies of myosin, which were all based on a few MEPs. 8, 31, 68 In the current study, parameterization of SCC-DFTB, including the third-order extension 62 and fitted 69 using a set of phosphate hydrolysis reactions in the gas phase, is adopted; the parameterization is referred to as SCC-DFTBPR to distinguish it from the standard parameterization; 60 details on the development and benchmark will be reported separately. In Table 1 , however, we summarize the data set used for fitting and the key results for the evaluation of the model. Although there are still notable errors compared to highlevel ab initio or DFT calculations, the SCC-DFTBPR is comparable to the best semiempirical method available in the literature for phosphate chemistry. 71, 72 Compared to the AM1(d) parameterization, 71 which is very specific for transphosphorylation reactions, there are much fewer reaction-specific parameters for SCC-DFTBPR (one Hubbard derivative parameter for each element type); in fact, as seen in Table 1 , even for reactions in the QCRNA database, 70 many of which are rather different in nature from the reactions used to parameterize SCC-DFTBPR, the performance of SCC-DFTBPR is very respectful. Considering that the most important issue in the current work is the variation in the ATP hydrolysis energetics with different conformations of the active site, which is a relative quantity, the impact of the systematic errors in SCC-DFTBPR on the result is likely small.
In most QM/MM simulations, especially the PMF calculations, an inner region of 20 Å in the GSBP framework 56, 73 is used. For MEP calculations, however, calculations with a larger 32-Å inner region have also been carried out for comparison; as shown in Tables S1 and S2 in Supporting Information, neither the barriers nor the key geometrical parameters are sensitive to the size of the inner region.
PMF calculations
To make a direct comparison with available experimental results, 6, 30 PMF simulations have been carried out for ATP hydrolysis in the 1VOM state, which is well accepted to be the proper conformational state for efficient ATP hydrolysis. 16, 17 For the first step of the reaction (Fig. 2a) , which involves Ser236 as the proton relay, two variables are chosen as the reaction coordinate, and the corresponding two-dimensional PMF is generated using umbrella sampling and the weighted histogram analysis. [74] [75] [76] The first coordinate is simply the P γ -O lytic distance, and the second coordinate involves a linear combination of two antisymmetric stretches that describe the proton transfers involving the lytic water and Ser236 (i.e., r OSer…Hlytic − r Olytic…Hlytic + r O2γ … HSer − r OSer…HSer ). In total, 32 windows are used, and 250-ps simulations are performed for each window. Convergence of the PMF is monitored by examining the overlap of reaction-coordinates distributions sampled in different windows and by evaluating the effect of leaving out segments of trajectories. For example, Fig. S1a in Supporting Information shows the PMF calculated using only the first 150 ps of each window; the result is very comparable to that shown in Fig. 2b , which indicates that the sampling carried out is sufficient for the current purpose.
For the second step of the reaction, which involves largely a rotation of the O 2γ H group of the γ phosphate, umbrella sampling calculations are carried out using a single reaction coordinate, which is the antisymmetric stretch involving O 2γ H and O 3β of ATP. The PMF, however, is constructed as a two-dimension map where the O 3β -P γ distance is also used as another reaction coordinate; no umbrella potential for the O 3β -P γ distance is necessary because the corresponding free energy is rather flat. The amount of data used in the weighted histogram analysis method analysis includes 21 windows, with each In SCC-DFTBPR, the atomic properties of P and pairwise P-X repulsive potentials are developed following the standard procedures for SCC-DFTB parameterization. 60, 69 The parameters specific to the phosphate hydrolysis reactions are the four Hubbard derivatives, one for each element type (P: − 0.07; O: − 0.22; C: − 0.24; H: −0.08), and three element-independent Gaussian parameters for damping the Hubbard derivative for large charges (D 0 : − 0.09; Γ 0 : 16.1; Q 0 : 0.75). The terms, including the Hubbard derivatives, are important because they significantly impact proton affinities, 62 and phosphate hydrolysis involves many proton transfer steps. MAXE: maximal error; RMSE: root mean square error; MUE: mean unsigned error; MSE: mean signed error.
a The reactions used to parameterize SCC-DFTBPR include the hydrolysis of dimethyl monophosphate ester and monomethyl monophosphate ester with different protonation states; both dissociative and associative mechanisms are considered, together with the possibility of involving water as the proton relay group. Altogether, 37 gas-phase reaction energies (18 of , and O others indicate the nucleophilic oxygen, leaving oxygen, and spectator oxygen atoms, respectively. When there are two entries, the number before the slash is the overall performance, and the number after the slash excludes one to two extreme deviations.
d As additional benchmark, all (19) RNA model reactions with an overall charge of −1 are selected from the QCRNA database from Giese et al.;
70 these include 56 reaction energies and 47 barriers. These systems were consistently calculated at the B3LYP/6-31 + + G (3df,2p) level for energy, and at the B3LYP/6-31 + + G(d,p) level for structure by Giese et al. Both single-point energy calculations and geometry optimizations are carried out at the SCC-DFTBPR level; for transition states, only single-point energies are considered.
e Numbers without parentheses are the errors for SCC-DFTBPR single-point energies at the reference (B3LYP/6-31 + + G(d,p)) structures; those with parentheses are the errors after geometry optimization at the SCC-DFTBPR level.
f Optimized at the SCC-DFTBPR level for the stable states only; when there are two entries, the number before the slash is the overall performance, and the number after the slash excludes several extreme deviations. window sampling 250 ps; similar to the PMF for the first step, the convergence is evaluated by leaving out segments of trajectories. As shown in Fig. S1b in Supporting Information, using only the first 150 ps of each window gives results very comparable to those shown in Fig. 2d .
Average structures from windows that correspond to key regions on the PMFs (reactant, TS1, INT1, and product) are summarized in Fig. S2 in Supporting Information. For both the reactant (ATP + Wat) and TS1, also superimposed are averaged structures from MEP calculations. As discussed in Results, the positions of key residues and water molecules are very similar in the PMF and MEP calculations, except for Ser181 and the water molecule hydrogenbonded to the Ser181 side chain. Since the contribution of Ser181 is understood based on perturbative analysis and its orientation is consistent in all MEP calculations regardless of the configuration of the active site [i.e., 1VOM versus 1FMW (closed)], it is justified to use MEP to study the configurational dependence of ATP hydrolysis activity, instead of the much more demanding (and not straightforward to analyze) PMF calculations.
MEP calculations
To analyze the dependence of the ATP hydrolysis activity on the configuration of the active site, a large set of MEP calculations is carried out using snapshots from equilibrium simulations of the 1VOM and 1FMW (closed) states. Since the PMF calculations indicate that the ratelimiting step is the first step, MEP calculations are only carried out for that step. Similar to the PMF calculations, the mechanism involving Ser236 as the proton relay is studied for both the 1VOM and the 1FMW (closed) states.
Starting from each snapshot randomly collected from the MD simulations, adiabatic mapping calculations are first carried out to generate the approximate path; multiple forward and backward adiabatic mapping calculations are carried out to ensure complete structural relaxation. In these calculations, the adapted basis, Newton-Raphson approach, is used for energy minimization, with a gradient threshold of 0.05 kcal/mol/Å for the last several (∼ 4) adiabatic mapping cycles. The approximate reaction path from the adiabatic mapping is then used as the initial guess for the conjugated peak refinement calculations, 77 which locate the true saddle point(s) along the reaction path. The energy barrier is defined as the total energy difference between the saddle point and the reactant (ATP·H 2 O) state.
To gain insights into the variation in MEP barriers from different snapshots, perturbative analysis of the barrier height, 8 in which the partial charges of specific residues are turned off and the change in the barrier height is calculated based on single-point QM/MM energy calculations, is carried out. Inspection of the results (see Supporting Information) suggests that the protein/solvent contributions (especially the relative trends between results for different active-site configurations) are dominated by the active-site residues and water molecules. Therefore, only results for these groups are included (see Fig. S3 in Supporting Information).
Approximations and validity of models
The current study shares with typical molecular simulation studies the limitations associated with nonpolarizable force fields and approximate QM methods. Since we are mostly interested in relative quantities (i.e., the dependence of hydrolysis barrier/energetics on the conformational properties of the motor domain), we expect that the results are less sensitive to inaccuracies in the force field and in the QM method.
There are two approximations specific to this study. First, the closed post-rigor state is generated in silico; second, only the associative pathway involving Ser236 as the relay group is analyzed. Regarding the first approximation, we emphasize that the generated structure has been characterized by PMF simulation in our recent study, 10 which showed that the closed configuration is nearly isoenergetic to the experimentally (X-ray crystallography) characterized open configuration of the postrigor state. Therefore, the closed post-rigor state employed in this study is not a high-energy conformation. Since SwII closure has been proposed to be tightly coupled to structural changes in nearby regions, [9] [10] [11] 21 it is likely that the closed post-rigor conformation modeled here does not represent a kinetically significant intermediate as characterized in fluorescence experiments. 6, 22 This does not, however, invalidate the use of the modeled structure as a unique way to probe how structural properties of the motor domain influence the ATP hydrolysis activity.
Regarding the issue of hydrolysis mechanism, not all possibilities 23, 24 have been investigated here. In particular, we assume that Ser236 plays an active role in the ratelimiting step. The importance of involving a proton relay group has been emphasized in the phosphoryl transfer literature based on stereochemical considerations, 28, 29 which motivated our model; the fact that Ser236 is a highly conserved residue in myosin has also been discussed using such a catalytic mechanism. 78 Mutation studies 39, 40 found, however, that the ATPase activity is not much reduced in the S236A mutant compared to the wildtype myosin; recent structural studies (Rayment, private communication) found that the S236A mutant is also structurally very similar to the wild type. Therefore, it is possible that Ser236 does not, in fact, play an important role in hydrolysis in the wild-type myosin, although it is also possible that an alternative mechanism is operative in the mutant. Further studies are on the way to pinpoint the catalytic mechanism and nature of the rate-limiting transition state in the wild-type myosin and in the S236A mutant myosin. Since the charge development during the hydrolysis of ATP is expected to be similar regardless of the precise role of Ser236, we expect that our conclusion regarding the importance of active-site stability will not be limited to the specific mechanism analyzed in the current QM/MM calculations. Ultimately, the validity of our analysis and model needs to be tested by the experimental mutation studies proposed in Discussion and Conclusion.
